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specific trapping studies to monitor species populations and associated pathogens, as well as routine entomological surveillance programs that maximize capture efficiency.
Materials and Methods

Study Sites
Three study sites at beef cattle farms were selected. They were located in malaria high-risk areas near the DMZ with cattle maintained in open covered corrals at 1) Majeong-ri, Paju-si (37 52 0 53.52 00 N, 126 45 0 24.89 00 E); 2) Jeonryu-ri, Gimpo-si (37 42 0 31.76 00 N, 126 38 0 33.73 00 E), Gyeonggi province; and 3) Soljeong-ri, Ganghwa-eup, Incheon Metropolitan City (37 45 0 58.9 00 N, 126 27 0 35.6 00 E), Republic of Korea (ROK), each with approximately 50, 30, and 100 beef cattle, respectively (Fig. 1) .
Mosquito Traps and Collections
Blackhole Mosquito Buster traps (BioTrap, Seoul, Korea, http:// www.bio-trap.com), equipped with fine-mesh screen nets to collect the mosquitoes, depended on local electrical sources (Fig. 2 ). The first trap used two fluorescent ultraviolet 4W black-light (BL) bulbs as the attractant, whereas the second trap used two lamps, each with two light-emitting diode (LED) bulbs. The wavelengths of the BL trap demonstrated small peaks at 360, 405, and 435 nm, whereas the LED trap demonstrated a prominent peak at 365 nm (range 310-450 nm; Fig. 3 ).
The Blackhole traps were placed under cover at the central margin of the corral and operated on two consecutive nights between the hours of dusk and dawn (1800 to 0800 hr) monthly. The mosquitoes were collected the following morning after each trap night, killed by freezing, transferred to shipping containers, and then shipped to the 5 th Medical Detachment (MED DET, 65 th MED Brigade), where they were morphologically identified to species or Anopheles Hyrcanus Group using a dissecting microscope and standard keys (Tanaka et al. 1979 , Lee 1998 ).
Molecular Identification of Members of the Anopheles Hyrcanus Group
Members of the Anopheles Hyrcanus Group [An. sinensis sensu stricto (s.s.) Wiedemann, Anopheles sineroides Yamada, Anopheles belenrae Rueda, An. lesteri Baisas and Hu, An kleini Rueda, and An. pullus Yamada] cannot be reliably identified using morphological techniques (Rueda 2005) . Polymerase chain reaction (PCR) was used for species identification by placing up to 100 Anopheles Hyrcanus Group females individually into 2-ml cryovials from each monthly collection for analysis. The remaining Anopheles spp. were placed in pools of up to 20 mosquitoes for pathogen detection. For species identification, genomic DNA was extracted from single legs of individual female mosquitoes and PCR performed to amplify the genomic DNA for the six species (An. sinensis, An. pullus, An. belenrae, An. kleini, An. lesteri, and An. sineroides) using ITS2 primers designed by Joshi et al. (2010) . A total volume of 12.5 ml for each PCR reaction contained 0.5 ml of the genomic DNA of an individual mosquito, 1Â PCR buffer, 0.2 mM of each dNTP, 1.5 mM of MgCl 2 , 0.4 mM of each primer, and 0.5 Units of Taq DNA polymerase. The PCR cycling conditions used the method of Joshi et al. (2010) . The PCR products were electrophoresed using ethidium bromide 2.5% agarose gel and visualized using a gel imaging system.
Comparison of BL and LED Mosquito Traps
BL and LED traps were alternated on two consecutive days each month at Paju and Gimpo to determine the seasonal distributions and abundance of mosquitoes and efficacy of BL and LED trap collections at three cowsheds. At Ganghwa, the two traps located by the entrance and the margin center of the covered corral were concurrently operated and trap locations alternated during the two consecutive trap nights each month to reduce trap collection bias due to day of collection. Data were entered into an Excel data set and summarized, and overall differences for BL and LED traps were analyzed by species using the Wilcoxon signedrank test.
Results
Seasonal Prevalence of Mosquitoes for Three High-risk Malaria Sites
In total, 283,929 adult mosquitoes comprising 280,355 (98.74%) females and 3,574 (1.26%) males, belonging to 17 species (including six members of the Anopheles Hyrcanus Group) and six genera, were collected using BL and LED traps at three cowsheds located in malaria high-risk areas near the DMZ in Paju, Gimpo, and Ganghwa districts from May to October, 2015. The four most frequently collected female species were Aedes vexans nipponii (Theobald) (83.84%), followed by Anopheles Hyrcanus Group (13.66%), Culex pipiens Group (1.67%), and Culex tritaeniorhynchus Giles (0.54%). The remaining eight species only comprised 0.29% of all female mosquitoes collected (Table 1) .
Aedes vexans nipponii
The overall proportion of Ae. vexans nipponii females collected from BL (82.29%) and LED (84.60%) traps was similar. However, significantly more were collected by LED traps (159,162, 67.71%) compared with BL traps (75,897, 32.29%; Table 1 ). The proportion of females collected was low in May (3.23%), and then increased to peak proportions from June to September (range 22.03-26.74%), before sharply decreasing to 0.13% in October (Fig. 4 ).
Anopheles Hyrcanus Group
Overall, members of the Anopheles Hyrcanus Group were the second most abundant species collected, accounting for 38,295 females collected by the BL and LED traps ( Table 1 ). The overall proportion of females collected by BL (14.63%) and LED (13.18%) traps was similar. However, BL traps (13,474; 35.24%) collected significantly fewer total female Anopheles spp. compared with the LED light trap (24,801; 64.76%; P ¼ 0.0047, P < 0.05; Table 2 ). Of those that were identified to species by PCR, An. sinensis s.s. (2,085; 88.42%) was the most frequently collected, followed by An. pullus (119; 4.98%), An. belenrae (117; 4.88%), An. kleini (50; 2.09%), An. lesteri (25; 1.04%), and An. sineroides (2; 0.08%; Table 3 ). Anopheles koreicus Yamada and Watanabe and Anopheles lindesayi japonicus Yamada (more commonly collected in forest habitats and mountain streams) were not collected by either BL or LED traps. Lower than normal population densities observed during the spring were attributed to the occurrence of an unusually long dry early season, with members accounting for only 0.13% of all female Anopheles Hyrcanus Group specimens in May. This was followed by sharp increases in June (18.11%), high populations in July (39.72%) and August (31.99%), and then numbers sharply decreasing in September (9.91%) and October (0.13%; Fig. 4 ).
Culex pipiens Group
Although similar numbers of female Culex pipiens were collected by BL traps (2,138) and LED traps (2,536), the overall proportion collected by LED traps was >1.7-fold more (2.32%) than for BL traps (1.35%; Table 1 ). Populations were relatively abundant throughout the mosquito season, with peak populations reported in June (39.62%) and July (23.88%), whereas numbers sharply decreased in August (11.83%), September (6.55%), and October (1.11%; Fig. 4 ).
Culex tritaeniorhynchus
Culex tritaeniorhynchus, the primary vector of JEV, only comprised 0.54% (1,524) of all female mosquitoes collected from BL and LED traps (Table 1) . Although the proportion of females collected from BL (0.48%) and LED (0.58%) traps was similar, there were significantly more mosquitoes collected by LED (1,082; 71.00%) compared with BL (422; 29.00%) traps (Table 1) . Near the DMZ, it was first collected in June (0.26%), with populations slowly increasing throughout July (3.61%) and collected in highest numbers during the months of August (44.55%) and September (49.02%), before sharply decreasing in October (2.56%; Fig. 4 ).
Other Species
Of the remaining eight species that only comprised 0.31% of all females, Ochlerotatus dorsalis (Meigen) was the most frequently collected (230; 0.08%), followed by Armigeres subalbatus (Coquillett) (192; 0.07), Culex orientalis Edwards (154; 0.05%), Culex bitaeniorhynchus Giles (124; 0.04%), Ochlerotatus koreicus (Edwards) (79; 0.03%), Culex inatomii Kamimura and Wada (15; <0.1%), Mansonia uniformis (Theobald) (6; <0.1%), and Aedes albopictus (Skuse) (3; <0.1%). 
Comparison of BL and LED Traps Collected Mosquitoes
LED light traps collected more mosquito species/species Groups (12 species) than BL traps (10 species), and more than twofold the number of female mosquitoes (188,125; 67.10%) compared with BL traps (92,230; 32.90%; P ¼ 0.0001, P < 0.05; Table 2 ). Overall, LED light traps captured significantly more members of the Anopheles Hyrcanus Group (P ¼ 0.0047, P < 0.05) and Cx. tritaeniorhynchus (P ¼ 0.0030, P < 0.05), both of which are vectors of 
Geographical Distribution of Members of the Anopheles Hyrcanus Group
Overall, for all three sites, An. sinensis was similarly collected by BL (mean 346.00; 88.4%) and LED (mean 349.00; 85.54%) traps (P ¼ 0.421, P > 0.05; Table 3 ). The proportion of An. belenrae captured at all three sites was similarly collected at BL (mean 20.33; 5.20%) and LED (mean 18.67; 4.58%) traps (P ¼ 0.345, P > 0.05), whereas significantly more An. pullus were collected by LED (mean 26.00; 6.37%) compared with BL (mean 13.67; 3.49%; P ¼ 0.026, P < 0.05) traps. Too few An. kleini, An. lesteri, and An. sineroides were collected for analysis. Four Anopheles species (An. belenrae, An. kleini, An. lesteri, and An. pullus) were more frequently collected from Paju compared with Gimpo and Ganghwa, whereas similar numbers of An. sinensis were collected at all sites. Anopheles sineroides was collected at only one collection site (Paju) in LED traps (Table 3) .
Discussion
A number of alternative sampling and analysis methods have previously been investigated to determine their efficiency and application, which are dependent upon manpower and other resources (e.g., electricity, propane gas, and batteries), to effectively monitor vector populations (Burkett et al. 2001 , Sriwichai et al. 2015 . In addition, previous investigations used various traps with different light sources as mosquito attractants to identify the response of mosquitoes to color (light wavelength) and intensity of conventional light sources and LEDs (Browne and Bennett 1981 , Burkett et al. 1998 , Bentley et al. 2009 , Tchouassi et al. 2014 ). Based on studies by Land (1997) , insects generally perceive and respond to light wavelengths ranging from 350 to 700 nm, although their response may vary considerably over this range by species. Aedes vexans nipponii, a nuisance biting species, is an early-season floodwater mosquito that is widely distributed throughout the ROK and found in association with members of the Anopheles Hyrcanus Group and Cx. tritaeniorhynchus . Populations rapidly increase in April with the flooding of rice paddies and occasional heavy rains, as illustrated by the high numbers captured in May and June. It is the most commonly collected mosquito near the DMZ, accounting for approximately 70% of all mosquitoes collected annually by Mosquito Magnet (Woodstream Corp., Lititz, PA, USA; T.A. Klein, personal communication), but was much less commonly collected by New Jersey light traps and CDC light traps baited with dry ice at U.S. military installations (Kim et al.2007a . Based on only LED and BL traps located near the DMZ, LED traps outperformed BL traps. Even though Ae. vexans nipponii is considered a nuisance mosquito, during a trap study (Burkett et al. 2001 (Burkett et al. , 2002 , Getah virus (Alphaviridae) was isolated from one pool of 4,334 collected at Camp Greaves, located approximately 5 km south of Panmunjeom (Turell et al. 2003 ). In addition, Chaoyang virus, a mosquito-specific virus, was isolated from Ae. vexans nipponii , Takhampunya et al. 2014 .
Culex pipiens Group consists of two infrasubspecific species, Cx. pipiens pallens Coquillet and Cx. pipiens molestus Foskal (autochthonous form), that cannot be differentiated morphologically and are thus included together (Knight and Stone 1977) . Culex pipiens Group is widely distributed in the ROK and is a nuisance biting mosquito frequently found near human habitation and unsanitary conditions (breeding in stagnant water with high organic content, e.g., sewage ditches and pools of water), is the most common mosquito biting indoors in urban environments, and is commonly collected by New Jersey light traps (Kim et al. 2007a . Although higher numbers of Cx. pipiens were collected monthly by LED traps, monthly catches were not significantly different. JEV has been detected in Culex pipiens in the ROK (Seo et al. 2013 , Kim et al. 2007b , 2015b , and although it was able to transmit JEV under laboratory conditions, the proportion that became infected and developed disseminated viremia was low, and therefore, it is considered to be a poor vector of JEV (Turell et al. 2006) . Culex pipiens is a vector of West Nile virus (WNV) in Europe and the United States, with the potential to spread from the Americas to northeast Asia. As a highly competent vector of WNV and relatively high populations, it poses a serious health threat if this virus is accidently or naturally (bird migration) introduced to the Korean Peninsula (Turell et al. 2006 ). More recently, three mosquito-specific viruses that are believed to not be of medical or veterinary importance have been isolated from Cx. pipiens (Hang et al. 2016) . Insufficient numbers of An. kleini, An. lesteri, and An. sineroides were identified by location and trap type to species for analysis.
Culex tritaeniorhynchus, the primary vector of JEV, is first observed in the southern part of the ROK as early as March, but is usually not observed near the DMZ until early July. Similarly, it was not observed in light traps set near the DMZ until July, with the LED traps significantly outperforming BL traps. Rainfall patterns vary throughout the ROK, with some areas receiving low amounts of rainfall, whereas others may receive moderate to high levels of rainfall. Moderate rainfall throughout the summer months accounts for large populations, which relates to focal JE outbreaks that generally occur from mid-summer through early fall when population densities peak or are in decline during the end of the season (Tsai and Yu 2000) . Reduced rainfall that results in low-lying grassy habitats not being flooded or excessive rainfall that flushes larvae from their habitats, as occurred during 2011, results in low populations (Kim et al. 2007b . Behavioral factors of the vector (e.g., feeding behavior, biting activity periods, environmental conditions, and host preference and proximity) contribute to an increased health risk to military personnel and local civilians. Although JEV has been detected in Cx. bitaeniorhynchus, Cx. orientalis, and Cx. pipiens, their role in transmission in the ROK has not been determined (Turell et al. 2003 , Kim et al. 2007b , 2015a , Seo et al. 2013 , Kim et al. 2015b ).
Members of the Anopheles Hyrcanus Group are observed as early as March, with populations rapidly increasing in June and most often peaking in July-August. During this investigation, populations peaked in June, but decreased most likely as a result of low rainfall in the area. Anopheles sinensis (88.42%) accounted for the highest proportion of members of the Anopheles Hyrcanus Group that were collected at cowsheds, followed by An. belenrae (5.20%), An. pullus (3.49%), An. kleini (1.96%), An. lesteri (0.94%), and An. sineroides (0.08%). In contrast, An. kleini (69.48%) accounted for the highest proportion of anophelines collected by BL at ROK military installations, followed by An. pullus (17.25%), An. belenrae (4.48%), An. sineroides (4.20%), An. sinensis (2.66%), and An. lesteri (1.91%; Chang et al. 2016) . Differences in the proportion of An. sinensis collected at cowsheds may be due to higher levels of attraction to cattle versus humans, whereas the high proportion of An. kleini and low proportion of An. sinensis collected at ROK military installations may be due to differences in human attraction.
Limited data show that An. lesteri, a malaria vector in China, is distributed along the northwestern coastal area and islands, whereas high populations of An. kleini and An. pullus (20-50% of all Anopheles collected) are reported in northern Gyeonggi Province near Panmunjeom (Foley et al. 2009 , Rueda et al 2010 , Khrabrova et al. 2012 . Anopheles sinensis s.s., previously thought to be the primary malaria vector in the ROK, is collected more frequently south of Seoul, where there is very limited malaria transmission ). Based on limited surveys near the DMZ and the recent description of Anopheles species distributions in northeastern Russia, where An. kleini was the predominant species collected and where no An. sinensis s.s. were collected, it is likely the predominant Anopheles spp. in the central part of the ROK near the DMZ (Foley et al 2011 , Khrabrova et al. 2012 . The low numbers of An. kleini and An. lesteri observed near the DMZ in this study may be partially due to host preferences, as An. sinensis sensu lato is reportedly zoophilic. However, the biting behavior of Anopheles spp. in the ROK has not been investigated following the identification of additional members belonging to the Anopheles Hyrcanus Group.
Aedes albopictus, collected primarily in forested habitats, is a secondary vector of dengue, Chikungunya, and Zika viruses. It is most commonly found in forested areas and infrequently collected in urban settings and non-forested habitats at U.S. military installations in the ROK (Kim et al. 2007a . Low numbers were collected as a result of traps being set in open areas and not in forested habitats. Low numbers of Cx. bitaeniorhynchus and Cx. orientalis, considered to be secondary vectors of JEV, were collected, whereas the remaining five species that were infrequently collected are considered to be nuisance biting pests in the ROK. Culex bitaeniorhynchus is more frequently collected in the early spring. Collections during 2010 resulted in the detection of JEV Genotype V, and more recently, two mosquitospecific viruses have been isolated from specimens collected near the DMZ (Takhampunya et al. 2011 , Hang et al. 2016 .
Overall, LED light traps more efficiently collected higher numbers of mosquitoes and more species (188,125; 17 species) than BL traps (92,230; 14 species). Target species, e.g., Anopheles Hyrcanus Group and Cx. tritaeniorhynchus, which are vivax malaria and JEV vectors, respectively, were collected in significantly higher numbers in LED traps compared with BL traps, allowing for increased analysis of risks associated with high numbers collected. Aedes vexans nipponii, a biting pest species, collected monthly by LED traps were significantly higher than for BL traps, whereas Cx. pipiens collected monthly by LED and BL traps were not significantly different. These data illustrate the need for evaluation of various adult mosquito trapping methods that target vector populations. Electricity is not always available where trap placement is required, especially in field operations. Thus, comparative analyses with other traps, e.g., propane-powered Mosquito Magnets, are needed that define the attraction of members of the Anopheles Hyrcanus Group, as well as other vector and pest species, to light and non-light traps using various chemical attractants. Field evaluations will continue to enhance vector and disease surveillance efforts for the selection of appropriate traps to monitor vector populations and associated pathogens of medical and veterinary importance. However, to avoid erroneous conclusions based on individual trapping methods that may be selective for mosquito species, evaluations that relate to vector populations, host attraction, and trapping methods are needed.
